As an inversely designed artificial device, metasurface usually means densely arranged meta-atoms with complex substructures. In acoustics, those meta-atoms are usually constructed by multi-folded channels or multi-connected cavities of deep sub-wavelength feature, which limits their implementation in pragmatic applications.
Introduction
High efficient wave manipulation via artificial structures is always strongly desired in materials physics and engineering communities. The design of a thin material which can control the wave propagation in a desired manner is highly intriguing, yet greatly challenging. Since 2011, the concept of metasurface, namely a two-dimensional (2D) thin artificial material/structure, have been introduced firstly in electromagnetic wave system 1 and extended into acoustic one 2,3 . This burgeoning field of rationally designed 2D materials of sub-wavelength thickness opens a new degree of freedom for sound wave manipulation. They provide unique functionalities with large potential of engineering applications such as anomalous refraction and reflection [4] [5] [6] [7] [8] [9] for acoustic anomalous reflection can be greatly simplified as the composed substructures contain only single or several meta-atoms per period 25, 26 . This approach gives a new perspective to design a simple and efficient anomalous reflective metasurfaces. Indeed, in this way, the restriction of the sub-wavelength cells/meta-atoms is highly released along with the advantages of reduced intrinsic loss and easy fabrication. With a suitable engineered arrangement of grooves, anomalous reflection and retroflection have been theoretically demonstrated 26 . However, imperfect pressure distribution composed of dominantly desired pattern with unexpected other orders of diffractions has been obtained. It stems from this result that only the propagating diffracting modes above the grating and only the basic mode inside the grooves were considered, and the interaction between the grooves within a period by which a lateral power flow exchanging along the surface can be fulfilled, was ignored.
In the present research, we provide a comprehensive concept of a perfect anomalous beam splitter based on a simple-structured acoustic meta-grating, capable of splitting a given acoustic wave with any incidence angle into two directions with arbitrary power flow partition. Compared to the previous metasurfaces with complex configurations and sub-wavelength units, only a sound hard surface containing two or several grooves per period is employed to construct the structure. By combining the general grating theory and a genetic optimization algorithm, a desired meta-grating can be easily created with feasible and practical design geometry. We evidence that the split directions and the corresponding power flow partition of the proposed splitter can be elegantly designed. Almost 100% energy conversion from a normal incident wave to a redirected reflection with 88° angle is validated. Experimental results also demonstrate that the power flow partition of the proposed splitter with 72° angle is accurately allocated to be 0:1, 1:1 and respectively for the wave with frequency as higher as 8000Hz in air. Benefiting from the simplicity of the structure, in which extreme thin walls and narrow channels in cells/meta-atoms can be avoided, acoustic beam splitter for the higher working frequency can also be realized.
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Results
The structure of meta-grating. The structure we considered is schematically illustrated in Fig.1 , which is the quasi-one-dimensional planar periodical sound hard surface having a pitch a in x-direction. In each period, there are L rectangular shaped grooves (L=2 in Fig.1 ). The width and depth of the lth (l=1,⋯,N) groove, and the distance between the lth and (l+1)th ones is denoted respectively by tl, dl and dxl.
Because of the periodicity of the structure, an incident wave from the -y direction (surface normal) will be diffracted as 0 th , ±1 st , and ±2
nd , ⋯, order diffractive components.
The purpose of our design is to extinguish all the other propagation components except the ones in the desired directions. Grating theory for the structure. We first show that, the diffractive field from such a structure can be rigorously solved by the general grating theory. According to the latter, when the periodic structure is illuminated by a planar pressure wave with incident angle θi, the total field ps in the media above the surface can be expressed as 27, 28 (
where k0 is the wave number of the media, is the amplitude of the incident wave and is the amplitude of the nth order harmonic component of the refractive wave.
The symbol Gn=n2π/a with n=0,±1,±2,⋯,±∞ is the nth reciprocal vector, and is the wavevector component in y-direction for the nth order harmonic mode. Notice that will be real only when .
The infinite summation in the right-hand side of the equation includes only finite terms of propagation modes, and the total number and the direction of those propagating modes are controlled by the period a of the structure.
To design an anomalous splitter which can reflect a wave with incident angle θi into reflected directions with angles θr and ( ), we first can set the period a by the formula k0sinθr=k0sinθi+Gn to make sure the mth order refractive component being a propagating mode. This condition gives (2) where m takes a positive integer. However, because the condition can be satisfied by a number of n under such setting, it means that a finite number of unwanted propagation modes with directions other than θr will co-exist in the diffractive field. Therefore, those unwanted modes have to be extinguished. We have found that this can be realized by adjusting the relative ( ) 
In our calculation, the genetic algorithm (GA) is chosen as the optimization algorithm.
Meta-grating with mirror symmetric splitting angle. As a first demonstration, we choose to design the metasurfaces to reflect the normally incident waves into extreme directions with θr=-81° and -88°, respectively. For these purposes, we set first a=λ/|sinθr| and then start the searching procedure for I-1:I1 =0:1. To guarantee the convergence in the numerical calculation, the truncations for the summations in Eq. (1) and (3) x-direction is shown in Fig. 3(c) , in which the amplitude of the local intensity vectors is shown by the length of the arrows and its direction is shown by the arrows. It can be found from the figure that, except some distortions near the interface y≈0, the arrows show a regular pattern in a certain distance away from the surface. This means that there is a lateral energy exchanging along the surface. In terms of physical mechanism, this lateral energy exchanging is fulfilled by the high-order evanescent harmonic modes reshaped by the grooves. More interestingly, unlike the narrower groove in the right-hand side in the Fig. 3 (c) , which distorts the vectors intensity only in a small region in lateral direction, the wider groove in the left-hand side makes the energy exchanging happens in a wide lateral area. This effect is finished by a vortex-shaped flow inside the groove. It can be seen that, by this vortex, the desired local intensity vector pattern above the surface is fitted by arrows leading the flow in and then out of the groove from the left-hand to right-hand side. Notice that to form such a vortex in the groove, higher orders real (rather than evanescent) waveguide modes than the 0th order is needed. This means that the additional effects of friction and wall deformation caused by the narrow channel and thin wall can be neglected. This frequency is much higher than the one (usually about 3000Hz) used for structures suggested in previous literature.
We point out that, because narrow channels and thin walls (compared to the working wavelength) have to be used in the structures suggested in previous works, it is very difficult to push their working frequency into the region as high as 8000Hz.
We show in Fig. 4 It can be seen from the figure that, the beam splitting effect is perfect, and the agreement between the numerical and experiment result is good. It can be found that, the measured pressure field in the left marked region is weaker than the corresponding simulation result. This is due to the influence by the second reflection from the speaker array. 
Discussion
In conclusion, we developed a numerical approach to solve the diffraction problem for the sound hard surface with periodically etched grooves. By using this approach and an optimization algorithm, meta-gratings which can split the incident wave into The field in the areas marked by red boxes [see the left panels in Fig. 4(a) -(c)] is scanned using a moving probe with a step of 5 mm. The measured area is 250mm×250mm for Fig. 4 (a) and 300mm×200mm for Fig. 4(b) and (c), respectively.
For Fig.5(b) , an array of 11 loudspeakers with 410mm span is used as the source. The working frequency is f=8000Hz, and both of the measuring areas are 300mm×200mm.
